Question: How does the intensity of species interactions affect species and functional group composition of an annual plant community?
Introduction
The importance of competition has long been a central question in plant community ecology. Most of the theory explaining patterns in community structure, including species composition, dominance, and diversity, assigns competition a key role (Newman 1973; Grime 1979; Tilman 1988; Keddy 1990 Keddy , 2001 Taylor et al. 1990; Chase & Leibold 2003) . Despite the fact that this theory aims to explain community-level patterns, most of the experimental work directly manipulating the intensity of competition has investigated its individual-level consequences (Goldberg & Barton 1992; Goldberg et al. 1999; Reynolds & Rajaniemi 2007) .
Such individual-level data are inadequate for predicting changes in the relative abundances of species within a community. While survival, growth, and reproduction may all reflect aspects of individual fitness, it is often unknown which of these, alone or in combination, have the greatest influence on population dynamics (McPeek & Peckarsky 1998; Goldberg et al. 1999) . Furthermore, even with an appropriate choice of response variable, individual-level effects may not scale up to the community level (Rajaniemi & Goldberg 2000; Zamfir & Goldberg 2000) because community dynamic effects depend on how each species is affected by competition relative to how all other species in the community are affected (Goldberg 1994) .
The lack of data on community-level effects of competition means that we cannot test general hypotheses about the importance of species interactions for community structure, such as whether the importance of competition changes along productivity gradients or with disturbance intensity (Grime 1973; Huston 1979; Oksanen et al. 1981; Tilman 1982 Tilman , 1988 Bertness & Callaway 1994; Michalet et al. 2006) . We are also limited in our ability to test hypotheses relating plant traits, competitive ability, and dominance within and across environments (e.g., Grime 1979; Chapin 1980; Tilman 1988; Aerts 1999; Craine 2005) .
To assess effects of species interactions on the entire community, interactions among all species must be manipulated simultaneously so that community structure with and without interactions can be compared. Two methods have been proposed to determine the ''null community'' without or with minimal interactions. Each species may be grown in monoculture, with the combined monocultures representing the community free of species interactions (Goldberg 1994; Zamfir & Goldberg 2000; Rajaniemi et al. 2003; Lenssen et al. 2004 ). This approach can investigate effects of interspecific interactions while maintaining intraspecific interactions. Alternatively, the community may be grown at a low enough total density to preclude both inter-and intraspecific interactions among individuals (Goldberg et al. 1995; Goldberg & Estabrook 1998; Rajaniemi & Goldberg 2000) . If initial relative abundances and diversity (adjusted for density) are kept similar between low-and high-density communities, differences that develop over time can be attributed to differences in intensity of species interactions.
In this study, we experimentally manipulated initial densities of entire, diverse communities of annual plants to examine community-level impacts of interactions, and simultaneously manipulated irrigation levels, to determine whether the impact of interactions was dependent on resource availability. Shilo-Volin et al. (2005) used this approach to demonstrate that species interactions regulate total community abundance (plant density and cover), and that regulation is strongest with low irrigation. In this study, we asked whether similar regulation of species composition occurs. We tracked percentage cover of individual species over 3 years, to explore the effects of species interactions and resource levels on community composition. Specifically, we tested the following predictions:
1. Community composition will shift in response to initial differences in the potential for species interactions due to planting density. 2. The community composition response to initial density will be stronger under low irrigation, consistent with our previous studies in this system that suggest that the effects of competition on individual performance and on total community abundance are greatest at low resource levels (Goldberg et al. 2001; Shilo-Volin et al. 2005) . 3. Total community abundance, and community composition, will both become more similar among density treatments over time. 4. Grasses, species with large individual biomass, and species that are most abundant in the field will be the strongest competitors, performing best at high initial densities. Previous studies have shown that grasses are superior individual-level competitors to dicots in this system when response is measured as emergence or survival but not growth (Goldberg et al. 2001) . However, these responses may or may not scale up to relative abundance in the community. In general, large size is expected to contribute to a strong competitive effect (Goldberg & Landa 1991) , and good competitive ability should lead to dominance in natural communities (Tilman 1982; Howard 2001) .
Methods

System and basic approach
The system consisted of annual plants occurring at two semi-stabilized sand dune sites in Israel -one desert and one coastal community (source sites). Mean annual precipitation [MAP] (30-year average) is 110 mm at the desert site (Holot Mashabim, 31100 0 N 34144 0 E), and 550 mm at the Mediterranean coastal site (Caesarea 32130 0 N 34155 0 E). Our basic approach was to grow both communities in a common garden, manipulating irrigation to mimic the rainfall regimes of both source sites and an intermediate regime, and manipulating initial community density to vary the potential for species interactions. The experimental system and general methodology is described in detail by Goldberg et al. (2001) and Shilo-Volin et al. (2005) .
-Community-level consequences of species interactions
The experimental garden
The annual plant communities from the two source sites were both grown in a common garden constructed at the Blaustein Institute for Desert Research at Sede Boqer (30148 0 N 34148 0 E; MAP 99 mm), about 25 km southeast of the desert source site of Holot Mashabim. The garden comprised multiple trenches. To construct a trench, the existing loessial soil was removed from a 2 mÂ10 m area to a depth of 1 m; corrugated plastic liners were placed in the excavated area to separate the trench from the surrounding soil and to divide the trench itself into 16 experimental plots, eight large (1 mÂ1 m) and eight small (0.50 mÂ0.50 m). The plots were filled with sterile sand collected from at least 10 m below the surface from a commercial quarry located in the same dune system as the Holot Mashabim source site. For this experiment, we used four large and two small plots in each of 12 trenches (see Experimental design, below).
Density treatments: seed bank collection and preparation
At each source site, we collected the seed bank from 60 random locations by removing the top 2 cm of soil. The samples from within each source site were combined and then passed through a series of sieves to eliminate the sand. The smallest fraction (o500 mm) contained almost no seeds and was not used. The rest of the seed bank was combined for each source and thoroughly mixed to use as the concentrated seed bank.
Three initial planting densities were established by sowing different amounts of this homogenized, concentrated seed bank on the surface of the plots: 1/16 of average natural (1/16Â), average natural field density (1Â), and four times average natural density (4Â). Average natural density was achieved by adding to the plot the mean mass of seed bank collected from the equivalent area at the source site; this density therefore represents an average of the seed bank densities in the 60 plots from which seed bank was collected. This approach allowed us to change the seed density while keeping the initial relative abundances of species constant, without having to count or identify individual seeds.
Irrigation treatments
Three irrigation treatments were imposed that mimicked aspects of the precipitation regimes of the two source sites, and an intermediate regime. Longterm rainfall records indicate that, on average, the desert and coastal sites receive, respectively, 1.1-and 5.8-times the annual precipitation of the garden site at Sede Boqer. After each naturally occurring rainfall event at Sede Boqer, water was supplied to the irrigation treatments to maintain these proportional differences, with the intermediate treatment receiving the midpoint of these extremes (3.45-times precipitation at Sede Boqer). If no rain fell at the garden site for a period of 2 weeks, each of the plots was irrigated with the equivalent of 1/12 of the mean annual precipitation for the desert site (in the low treatment), coastal site (in the high treatment), or the midpoint (in the intermediate treatment).
Experimental design
The basic design was a factorial of three initial community densities (1/16Â, 1Â and 4Â average natural density)Âthree irrigation treatments (low, intermediate, and high)Âtwo source communities (desert and coastal), all replicated in four blocks. Because irrigation treatments could only be assigned to entire trenches, we used a nested block design, with three trenches in each block. One trench of each block was assigned randomly to an irrigation regime and the combinations of source and density treatments were then assigned randomly within each trench. Thus, source and density are nested within irrigation treatments. The higher seed bank densities (4Â and 1Â natural) were planted into small (0.5 mÂ0.5 m) plots, and the lowest density (1/16Â) was planted in the larger (1 m 2 ) plots. In other experiments in this experimental garden (Rajaniemi et al. unpublished data) in which natural densities were planted into both large and small plots, plot size did not affect biomass density, and the total number of plants was similar in large 1/16Â plots and small 1Â plots. Thus, using larger plots for the lowest density allows for more valid comparisons of species relative abundances, because rare species should not be lost from low density plots due to low sample size, and is not expected to confound analyses of plant biomass.
In summary, within each block of three trenches, the six combinations of source and irrigation treatment were each replicated once for each of the three density treatments, for a total of 18 plots in each of the four blocks, and a grand total of 72 plots.
Planting, monitoring, and maintenance of experimental communities
The plots were planted in November 1993 by spreading the appropriate amount of seed bank uniformly across the surface of the sand of each plot. The seed bank was then covered with 1 cm of sterile sand and lightly watered with an equivalent of 5 mm of rainfall to prevent loss of the seed bank by wind. Each plot had a 10-cm buffer zone that we did not monitor. Therefore, effective plot sizes were 80 cmÂ80 cm and 30 cmÂ30 cm for large and small plots, respectively.
In May 1994 and 1995, after the end of the growing season, the plots were covered with mesh screens to prevent dispersal and seed predation during the summer. In addition, throughout the experiment, ant activity was largely eliminated by local applications of insecticide. Mesh screens were removed in the early fall before initiation of the rainy season. Major branches of the senesced plants were clipped, chopped, and returned to the plots to ensure that seeds remaining on the plants were part of the potentially emerging seed bank. The litter layer was then covered with 1 cm of fresh sand and watered as after the initial planting.
Percentage cover estimates were made in late April 1994, 1995, and 1996 after cessation of natural rainfall and as most species were just beginning to dry after ripening seeds. For each of 25 points in small plots, and 49 points in large plots, the presence or absence of each species was recorded. These data provide a measure of relative abundance of species, but cannot be combined to give total cover of the community. As an indicator of total abundance, in April 1996 aboveground biomass from a subset of 27 of the 72 plots was harvested, dried, and weighed.
Statistical analyses
The harvest biomass data were used to test whether different initial planting densities converged in total abundance by the end of the third growing season. Source community did not affect total plot biomass (one-way ANOVA, F 1, 25 o0.001, P 5 0.999), so sources were combined to provide a sufficient sample size to test for the effects of planting density and irrigation in a nested ANOVA (with irrigation treatments nested within trenches). Multiple comparisons were done using the Sidak method.
We used a multivariate analysis to test for effects of treatments on functional group composition and species composition of the community. Species were assigned to one of four functional groups: annual grasses, annual legumes, annual non-legume dicots, and perennials (hereafter, grasses, legumes, dicots, and perennials). Perennials were a minor component of both communities and included a total of two dicot species and one grass species.
Separate analyses were conducted for species and for functional groups, for each of the two source communities. Percentage cover of each species or functional group was square-root transformed to reduce the influence of dominant species relative to rarer ones, and values were standardized by sample. First, principal components analysis (PCA) was conducted to visualize community responses to experimental treatments. Then, we used redundancy analysis (RDA) with a repeated measures design to test for main effects and interactions of density, irrigation, and year on functional group composition and on species composition. Significance was determined by permutation tests. Trench was not included in these analyses due to software limitations. These analyses were conducted using CANOCO v 4.5 (Microcomputer Software, Ithaca, NY, US) and ordination diagrams were drawn using CanoDraw 4 (Microcomputer Software).
Linear regression was used to test whether species' competitive ability was related to their potential individual size or to their relative abundance in the field. We assessed community-level competitive ability by responses to planting density: species that increased in relative abundance at high relative to low density did relatively better with more intense competition and were considered better competitors. We emphasize that increases in relative abundance at high density do NOT imply that individual fitness components were facilitated at high density; we know from earlier studies that high planting density reduced both emergence and growth of individuals in this system (Goldberg et al. 2001) . Instead, it means that individual fitness of a good community-level competitor was reduced less by competition at high densities than fitness of poorer competitors. As an index of how relative abundance changed with density, competitive ability was quantified by species score on the PCA axis associated with planting density (axis 2 for the desert community; axis 1 for the coastal community).
The two species characteristics we tested for relationships with competitive ability, maximum individual size and mean relative abundance in the field, were measured independently of this study. The maximum dry mass of an individual from each species was derived from an experiment similar to this one, in which the same communities were grown at the same irrigation levels for only a single growing season, but at a broader range of starting densities (see Goldberg et al. 2001 for details of experimental design). For each plot, individual biomass of each species was calculated as the total shoot biomass for that species in the plot, divided by the number of shoots of that species in the plot. For each species, the maximum value of individual biomass was selected from all plots in a given irrigation treatment. Here, we report results for maximum individual biomass under high irrigation; results were similar for intermediate and low irrigation. Field relative abundance was calculated by averaging relative biomass of each species over 5 years in field surveys from the seed source sites (see Rajaniemi et al. 2006 for description of field sampling procedures). Values of individual plant biomass and relative abundance were ln-transformed to improve homogeneity of variance.
Results
Total community abundance
The biomass of plots planted at different initial densities had not entirely converged by the end of the third year, as indicated by a significant effect of planting density on final biomass (F 2, 15 5 5.722, P 5 0.014; Fig. 1) , with 1/16Â plots having lower final biomass than 1Â and 4Â plots (P 5 0.006 and P 5 0.001, respectively). There was no significant effect of irrigation on final biomass (F 2, 3 5 1.579, P 5 0.360), and a marginally significant irrigationÂdensity interaction (F 4, 15 5 2.926, P 5 0.057). Convergence tended to be stronger under low irrigation (Fig. 1) .
Species composition
For the desert community, the first and second PCA axes explained 19.8% and 12.6% of variation in species composition, respectively. Axis one was associated with a shift in composition between the first year of the experiment and the second and third years. A suite of common species, including grasses, dicots, and legumes, determined scores on the first axis (Fig. 2) . Axis two separated plots with low planting density from those with natural and high density. To a lesser extent, this axis also separated the irrigation treatments. A high value on this axis reflected high relative abundance of the grass Aegilops sharonensis, while low values reflected high relative abundance of the grass Aegilops kotschyi and the dicots Erodium laciniatum and Rumex pictus (Fig. 2) .
In the coastal community, the first and second PCA axes explained 18.1% and 13.9% of variation in species composition, respectively. In this community, axis one differentiated low-density plots from natural and high-density plots. Axis one scores reflected a shift from high relative abundance of the grass A. sharonensis to high relative abundance of the grass Cutandia philistaea (Fig. 2) . Axis two scores separated year 1 from years 2 and 3, with a small effect of irrigation treatment. Plots with high scores on axis two were dominated by the grasses A. kotschyi and Brachypodium distachyon and the dicot E. laciniatum, while plots with low scores were dominated by the grass Bromus rigidus and the dicot Rumex bucephalophorus (Fig. 2) .
In both of the communities, year, density, and irrigation all had significant effects on species composition in RDA (Table 1) . The yearÂdensity and yearÂirrigationÂdensity interactions were not significant, indicating that there was no consistent convergence (or divergence) of species composition over time among plots planted at different initial densities (Table 1) .
Functional group composition
In the desert community, the first and second PCA axes explained 67.8% and 26.4%, respectively, of variation in functional group composition. Axis one separated year 1 of the experiment from the second and third years; this axis also separated the natural density plots from those planted with high and low density. The year effect was significant, but the density effect was not (Table 2 ). This axis strongly separated plots dominated by dicots early in the experiment from those dominated by grasses later in the experiment (Fig. 3) . Axis two separated low-irrigation plots from intermediate and high irrigation (significant irrigation effect, Table 2), and was associated with increasing abundance of legumes at higher irrigation (Fig. 3) . The yearÂdensity interaction did not affect functional group composition in the desert community (Table 2), indicating no convergence of functional group composition over time.
For the coastal community, the first and second PCA axes explained 50.6% and 44.5%, respectively, of variation in functional group composition. Axis one separated years 1 and 2 of the experiment from year 3 (significant year effect, Table 2 ), and reflected a shift from dicots to grasses over time (Fig. 3) . Axis two differentiated plots with high irrigation from plots with low irrigation (significant irrigation effect, Table 2 ), and low-planting density from natural and high-planting density (not significant, Table 2 ). This axis reflected an increase in abundance of legumes at higher irrigation and higher initial density (Fig. 3) . In the coastal community, functional group composition was significantly affected by a yearÂirrigationÂdensity interaction (Table 2) . Communities with different starting densities converged in functional group composition only in the low irrigation treatment (not shown).
Competitive ability of species
For the desert community, we defined competitive ability of a species as its loading on PCA axis two; higher values indicate greater increase in relative abundance under higher planting densities with more intense species interactions (1Â and 4Â planting densities) (Fig. 2) . Contrary to our predictions, these scores were not related to the maximum biomass of individuals of the species, as determined in a separate experiment (r 2 5 0.019, P 5 0.501), or to average relative abundance of the species in the field (r 2 5 0.017, P 5 0.415). For the coastal community, high scores on the first PCA axis reflected good competitive ability (high relative abundance under 1Â and 4Â planting densities; Fig. 2) . Again, these scores were not related to the maximum biomass of individuals of the species as determined in a separate experiment (r 2 5 0.003, P 5 0.819), or to average relative abundance of the species in the field (r 2 5 0.011, P 5 0.567).
Discussion
Only one of our four hypotheses was supported. In these annual sand dune communities, species and functional group composition do shift in response to manipulations of interaction intensity, but the shifts are independent of resource levels and remain even while total community abundance converges over time. Also, simple traits such as functional group identity and individual size do not predict competitive ability, and competitive ability is not correlated with abundance in the field.
The wide range of planting densities would have produced large differences among treatments in total community abundance in the first year, so that the potential for species interactions would have also differed greatly (Goldberg et al. 2001) . However, natural regeneration was allowed in subsequent years, so that community abundance and interaction intensity were expected to converge over time. Our harvest biomass data indicate that differences among density treatments had diminished after three growing seasons (from 0.06:1:4 to 0.35: 1:1.19), but that the treatments had not completely converged to a common biomass. Convergence was most apparent between the 1Â and 4Â initial densities, and at low irrigation, although the irrigationÂdensity interaction was only marginally significant. The pattern of incomplete convergence of community abundance over time, with greater convergence under low resource levels, is consistent with the results of a similar 2-year study in the same system (Shilo-Volin et al. 2005) .
The initial intensity of species interactions did influence community structure, as predicted. Reduced interactions (1/16Â initial planting density) resulted in a large shift in species composition relative to natural density, while increased interaction intensity (4Â planting density) had less of an effect (Fig. 2) . While total community abundance converged over time among treatments, the density effects on composition persisted; a significant yearÂdensity interaction was found only for functional group composition in one source community for one irrigation treatment.
The persistence of initial density effects over time suggests that, for at least some species, successful growth in the first year led to reproductive success and dominance in the seed bank available for germination in subsequent years. Some seeds from the initial planting presumably failed to germinate in the first year and would have been available to germinate in later years, but actual germination seems to have been influenced by composition in the first year. Data on the age structure of seed banks are rare, and the degree to which emerging seedlings come from the previous year's seed production is unclear. Seeds may remain viable for decades (Darlington & Steinbauer 1961) . However, several studies have demonstrated exponential declines in seed viability and emergence from the seed bank with age (Roberts & Feast 1973; Moriuchi et al. 2000; Meyer et al. 2006) . While species differ in their persistence in the seed bank (Roberts & Feast 1973) , for one Sonoran Desert annual, the maximum time of survival in the seed bank was 5 years, with a mean of only 2 years (Moriuchi et al. 2000) .
In addition to density effects on community composition, composition in year 1 differed from that in years 2 and 3, with an increasing proportion of grasses and legumes relative to dicots over time (Fig. 2) . While some species that grew well in year 1 reappeared in subsequent years, leading to a persistent density effect, other species experienced increases or decreases unrelated to density over time. This shift may be due to differences in environment among years. Although years 1 and 3 were much more similar in precipitation than years 2 and 3 (total precipitation was 58.1, 139.8, and 51.35 mm in years 1, 2, and 3, respectively), year 1 was warmer than years 2 and 3 (average growing season temperature was 15.1, 13.8, and 14.31C, and growing season minimum temperature was 9.1, 7.6, and 7.81C in years 1, 2, and 3, respectively). We previously showed that low temperatures limit species richness in this system (Rajaniemi et al. 2006 ). Alternatively, the year effect may reflect an adjustment of the community to experimental conditions in the common garden: some species with successful growth in the first year did not successfully reproduce and/or emerge in later years.
Contrary to our second hypothesis, density effects did not interact with irrigation. Plant community theory has predicted that competition is most important in high productivity environments (Grime 1973; Huston 1979; Keddy 1990) or that competition is equally important regardless of productivity (Newman 1973; Tilman 1982 Tilman , 1988 Tilman & Pacala 1993) . Our earlier studies in this system did not support either prediction. Instead, competition led to faster convergence of planting densities under low irrigation with low production (Shilo-Volin et al. 2005) , and competition had the strongest effects on individual growth under low irrigation (Goldberg et al. 2001) . In the present experiment, irrigation treatments had significant effects on both species composition and functional group composition, but the magnitude of these effects did not depend on initial density. The lack of an interaction is more consistent with Tilman's prediction, but in our case the shift from belowground to aboveground competition predicted by Tilman is unlikely: light interception by the vegetation was uniformly low (13.3% AE 10.7% mean AE SD). We cannot rule out a shift from water limitation to limitation by some other soil resource.
Although species interactions did affect species composition, we were unable to make any generalizations about the traits of species that perform best under intense competition. At the individual level, grasses are better competitors than dicots in this system -their emergence and survival, but not growth, is less affected by high community densities (Goldberg et al. 2001) . However, at the community level, functional group composition did not respond strongly to density (Table 2 ). One possible reason that individual-level responses do not scale up to the community level is that the life history stages at which grasses are consistently the superior competitors (emergence and survival) may be less important to determining relative abundance than other stages, such as growth and reproduction (Goldberg et al. 1999) . Instead of strong functional group differences, competitive ability varied considerably within each functional group. Some grass species were strong competitors (e.g., high abundance of C. philistaea and Lagurus ovatus is associated with high -Community-level consequences of species interactions planting density; Fig. 2 ) and others were poor competitors (e.g., Ctenopsis pectinella).
Maximum individual biomass also did not predict competitive ability even though this has been the plant trait most strongly correlated with competitive ability in a number of sets of pairwise competition experiments (Gaudet & Keddy 1988; Goldberg & Landa 1991; Cahill et al. 2005) . Again, there was a great deal of variation within groups. Some large species, such as Reboudia pinnata and Matthiola livida, were good competitors, while other large species, such as Rumex bucephalophorus and R. pictus, were poor competitors. Some of this variation may result from species succeeding at different aspects of competition. A species may maintain high relative abundance under intense competition by suppressing neighbors (competitive effect), or by tolerating the presence of neighbors (competitive response; Goldberg 1990), and competitive effect and response may be uncorrelated (Goldberg & Landa 1991; Keddy et al. 1994) . Large size predicts strong competitive effect, but not response (but see Goldberg & Landa 1991; Keddy et al. 1994; Cahill et al. 2005) .
Previous studies linking traits with competitive ability have measured competitive ability as change in individual growth in response to neighbors (Gaudet & Keddy 1988; Goldberg & Landa 1991; Cahill et al. 2005 ), while we measured change in relative abundance. These studies also considered competition against a single neighbor species. In a diverse community with multispecies interactions, single simple traits may not be sufficient to predict competitive ability. A more complete screening of traits, along with use of statistical methods to summarize multiple traits, may be more successful (see Craine et al. 2001; Suding et al. 2003 for examples using multiple traits to predict abundance).
In our study, competitive ability was also unrelated to average relative abundance in the field. Community structure most likely results from a combination of competitive effects with other factors, such as dispersal limitation, precipitation, temperature extremes, and responses to disturbance and herbivory (Suding et al. 2003; Rajaniemi et al. 2006) .
In these two annual plant communities, species interactions had strong effects on community structure, and these effects had a legacy that persisted for at least 2 more years, even as differences in interaction intensity among treatments diminished. In these communities, natural plant density varies three-to 100-fold within a single year, resulting in spatial variation in the intensity of species interactions (Rajaniemi et al. 2006) . This variation, which should have effects that last beyond a single growing season, may function to maintain diversity through a spatial storage effect (Chesson & Warner 1981) , with different species dominating different microsites depending on their recent history of plant density. Further screening of plant traits will be needed to understand which species dominate highor low-interaction intensity.
